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ABSTRACT 
Counter-Rotating Open Rotors (CROR) are an 
attractive alternative to turbofans, due to their 
advantageous propulsive efficiencies. However, 
prior to their widespread application their noise 
levels need to be decreased in order to meet the 
requirements of strict laws and regulations. 
Mounting methods – a streamlined pylon, for 
instance – could have significant effects on the noise 
generation mechanisms. Earlier research has shown 
that a pylon can have a large effect on the noise of 
CROR at blade passing frequencies, as a result of the 
wake of the pylon interacting with the rotating blade 
sets. However, these studies were focused only on 
the noise generation mechanisms of the rotors in the 
presence of a pylon, and not the noise of the pylon 
itself. In the research presented herein a phased array 
microphone system combined with beamforming 
technology has been used to investigate the noise 
associated with the pylon itself. The blades of the 
front and the aft rotors were therefore removed 
during the investigation. Beamforming maps were 
created in order to localize the dominant noise 
sources of the setup and were investigated together 
with the spectral results. In future beamforming 
investigations, the method presented herein can be 
used to separate the contribution of the pylon self-
noise from the total noise of an installed CROR. 
Keywords: beamforming, counter rotating open 
rotor, noise source localization, phased array 
microphone, pylon 
NOMENCLATURE 
 
𝑒 [-] phase correction vector 
𝑃 [Pa] Fourier transformed acoustic 
pressure signal 
𝑅 [-] cross spectral density matrix 
𝑆 [-] beamforming level matrix 
𝑊 [-] amplitude correction matrix 
X, Y [-] harmonic indices 
𝜔 [rad/s] angular frequency 
 
Subscripts and Superscripts 
 
∗ complex conjugate 
A aft rotor 
BFL BeamForming Level 
BFpeak BeamForming Peak 
BPF Blade Passing Frequency 
CROR Counter Rotating Open Rotor 
CSM Cross Spectral Matrix 
F forward rotor 
FDBF Frequency Domain BeamForming 
ℋ conjugate transpose of a vector 
𝑚 number of the microphones 
PSD Power Spectral Density 
ROI Region Of Interest 
1. INTRODUCTION 
During the oil crisis of the 1970s, increased fuel 
prices motivated the aircraft industry to develop 
engine systems which would be more efficient, 
resulting in the launch of numerous research 
programs [1-3]. Some of these programs worked on 
Counter Rotating Open Rotors (CROR), which 
showed potential in reducing fuel consumption [1-3]. 
After the end of the crisis, the interest in funding 
CROR research programs diminished, and many of 
the difficulties associated with the technology 
remained unresolved. Nowadays, competition 
between manufacturers, aiming to cut back expenses, 
moreover, a commitment to sustainable development 
and environmental protection have led to a renewed 
interest in increasing propulsive efficiency. As a 
result, research programs focusing on CROR 
technology have been reinitiated since 2000. 
As mentioned above, CROR aircraft engines 
have issues associated with them, which must be 
resolved prior to their widespread application. One 
of these issues is their excessive noise emission, 
since airline companies have to meet the 
requirements of stringent noise pollution laws and 
regulations, which can be a challenging task, since 
the two unducted rotors have no acoustic shielding 
around them.  
In order to lower the noise emission of the 
engine, the noise generation mechanisms need to be 
localized and studied. By using microphone array 
measurements together with beamforming 
technology, the noise sources of a CROR can be 
localized. Using this technology, beamforming maps 
are created which provide information regarding the 
amplitudes and the locations of the dominant noise 
sources of the investigated phenomena. By 
thoroughly examining these beamforming maps, the 
noise generation mechanisms can be identified and 
methods for reducing or eliminating the effects of 
these noise sources can be studied. 
An important aspect regarding the practical 
application of CROR systems is the dependence of 
their noise levels on the method by which the engines 
are mounted on an aircraft. A common installation 
method is to attach the engines to the wings or the 
body of the aircraft with the help of pylons. While 
the aerodynamic design of such supporting structures 
is already a challenge [4-6], the pylon also influences 
the noise levels of a CROR during operation. In the 
literature, studies investigating the effects of the 
pylon on the noise generation of a CROR have been 
presented in [2, 7-13]. However, the self-noise 
generation mechanisms of such a supporting 
structure were not examined separately. In this paper, 
CROR data sets from a measurement campaign are 
examined in order to gain insight into the self-noise 
of a pylon. Therefore, the measurement setup 
examined here is comprised of the pylon and the 
centrebody of the CROR configuration without the 
rotating blades. 
1.1. Noise source localization using 
beamforming technology 
A phased array microphone system consists of 
numerous microphones which simultaneously record 
acoustic signals. By processing the data with the help 
of beamforming technology, the dominant noise 
sources of an investigated test case can be localized 
on a given plane or in space. As compared to a 
reference microphone position, the microphones of 
the array are located at various distances from any 
investigated potential source position. Therefore, the 
acoustic waves generated in that particular 
investigation point would have to travel various 
distances in order to reach each microphone, 
resulting in differing amplitude reductions and time 
delays for each recorded microphone signal. As the 
geometry of the measurement equipment is known, 
the locations of the measurement points are also 
known, and these differences in amplitude and time 
can be corrected for, and the signals recorded on the 
various channels can be compared to see whether 
they are the same or not. If the signals agree, then the 
noise source is truly located in the investigated point. 
The method for carrying out these corrections and 
comparisons is known as beamforming.  
In this article Frequency Domain BeamForming 
(FDBF) [14] was used for processing the data. This 
method can determine the level of the generated 
noise in the investigated point from the corrected 
signals. This method operates in the frequency 
domain and thus requires the Fourier transforms of 
the recorded signals as input. Beamforming is 
individually carried out for each investigated point 
and frequency bin. Applying FDBF, the 
investigation points with real noise sources in a given 
frequency bin will have large BeamForming Levels 
(BFL), while points without noise sources will have 
small BFL. Eq. (1) shows the most essential formula 
of the process. 𝑃(𝜔) is the Fourier transform of the 
sound pressure signal, which is a function of the 
angular frequency 𝜔, 𝑊 is the amplitude correction, 
and 𝑒(𝜔) is the phase correction. 𝑆(𝜔) marks the 
BFL value of the investigated grid points of the 
investigation plane. The index ∗ refers to the 
complex conjugate and ℋ to the conjugate transpose.  
 
𝑆(𝜔) = 𝑒ℋ(𝜔)𝑊 𝑃ℋ(𝜔)𝑃(𝜔) 𝑊ℋ𝑒(𝜔) (1) 
  
The Cross Spectral Matrix (CSM) of the 
measured signal can be created by multiplying the 
Fourier transformed signal of the microphones by the 
conjugate transpose (see Eq. (2)), hence the formula 
of Eq. (1) can be rewritten in the form shown in Eq. 
(3). 
 
𝑅 = 𝑃ℋ(𝜔)𝑃(𝜔) (2) 
 
𝑆(𝜔) = 𝑒ℋ𝑊 𝑅 𝑊ℋ𝑒 (3) 
 
Calculating the BFL of each grid point, the one 
having the largest value on each beamforming map 
can be localized. This will be referred to as the 
BeamForming peak (BFpeak). The BFpeak provides 
the location of the most dominant noise source on the 
investigation plane, which is of help in identifying 
the noise generation mechanisms of the sources for 
the investigated frequency bins. 
1.2. Noise of a CROR with an installed 
pylon 
The noise sources of CROR consist of coherent 
and incoherent noise sources. Coherent noise sources 
are characterized by a time invariant phase 
relationship and most often appear in narrow 
frequency bands at frequencies which are related to 
the Blade Passing Frequencies (BPF).  
In the case of a CROR with an installed pylon, 
coherent noise sources can be divided into two 
subgroups, rotating and stationary. Rotating coherent 
noise sources are localized to apparent noise source 
locations instead of their true noise source positions. 
These apparent noise source locations are at special 
radial distances from the rotor axis, called Mach 
radii. The Mach radius concept is discussed in detail 
in [10, 15-16]. A subset of rotating coherent noise 
sources are interaction tones, which are generated by 
the interaction of the Forward (F) and the Aft (A) 
rotors. Their specific frequencies result from 
combinations of the BPF of the forward and aft blade 
rows, and can be calculated as XBPFF + YBPFA, 
where X and Y are positive integers. Another subset 
of rotating coherent noise sources are BPF tones, 
which appear at XBPFF or YBPFA frequency values.  
The second subgroup of coherent noise sources 
are stationary coherent noise sources, which in this 
case are generated as a result of the interaction 
between the wake of the pylon and the rotating 
blades. This category will be referred to as blade-
wake interaction tones. These noise sources appear 
in the same frequency bins as BPF tones, but are 
localized to the blade surfaces which are directly in 
the wake of the installed pylon. 
Incoherent noise sources can also be divided into 
rotating and stationary subgroups. Rotating 
incoherent CROR noise sources are for the most part 
generated by two noise generation mechanisms. The 
first is associated with the blade-to-blade 
inconsistencies of a given blade row. The noise 
sources in this subset will be referred to as shaft order 
noise sources. These noise sources are associated 
with rotating broadband noise generation 
mechanisms located on select blades, but since the 
observer is not able to move together with the blades, 
these noise sources only appear within the viewing 
angle of the observer for short durations of time, 
repeating with every revolution and are therefore 
associated with narrowband peaks in the spectrum at 
multiples of the once-per-revolution frequency [12]. 
Within the subgroup of rotating incoherent noise 
sources can be found a second group consisting of 
rotating broadband noise sources. These differ from 
shaft order noise sources in that they appear on all 
the blades in a given blade row and not just on select 
blades. As a result of this difference, these noise 
sources are characterized by a much broader 
frequency range.  
The other subgroup of incoherent noise sources 
is that of stationary broadband noise sources, which 
also appear along a wide frequency range of the 
spectrum. Typical stationary broadband noise 
sources can be localized to the surfaces of stationary 
objects in the flow, such as the self-noise of the 
pylon, as will be seen later on. In Figure 1 a summary 
of the typical noise source categories of an installed 
CROR with a pylon can be seen. 
 
Figure 1. Investigated CROR noise source 
categories  
 
Figure 2. The BFpeak PSD of an installed CROR 
with a pylon 
Blade-wake interaction tones were introduced 
above in the category of stationary coherent noise 
sources. Earlier investigations have shown that these 
are significant noise sources in the case of installed 
CROR with a pylon [12]. Figure 2 shows results 
from the investigation in [12], where the noise 
sources were sorted into the categories described 
above. The Power Spectral Density (PSD) spectrum 
of the BFpeak values is provided herein. In the figure 
the frequency values are divided by the BPFA 
frequency in order to provide the diagram in 
dimensionless form. It can be seen that many of the 
largest peaks are associated with the blade-wake 
interaction tones. Since the noise sources in the 
frequency bins of the BPF usually have smaller 
amplitudes for test cases without a pylon as 
compared to the installed case, and the amplitudes of 
BPF tones resulting from rotating coherent noise 
sources drop off very quickly with increasing 
frequency, it can be stated that the pylon has a large 
effect on the noise generation mechanisms of CROR 
[12]. On the other hand, no information is provided 
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in Fig. 2 or [12] regarding the contribution of the 
pylon self-noise to the BFpeak PSD spectrum. The 
noise sources localized to the pylon can contribute to 
the noise levels of an installed CROR system since 
the pylon can be considered as a stationary 
streamlined blade in the flow, which can generate 
broadband self-noise. Therefore, this type of noise 
source needs to be examined in order to determine its 
contribution to the noise levels and in order to have 
a comprehensive understanding of the noise 
generation mechanisms of an installed CROR with a 
pylon. It should not be forgotten though that in the 
case of an installed CROR with an angle-of-attack of 
zero degrees the noise sources localized to the pylon 
surface are most likely insignificant as compared to 
the other noise sources. 
2. MEASUREMENT SETUP 
Acoustic measurements were carried out in the 
NASA Glenn Research Center 9 × 15 ft Low-Speed 
Wind Tunnel, mounting the investigated rotors on 
the Open Rotor Propulsion Rig in order to investigate 
the noise of CROR configurations [15, 16]. The 
blades under investigation are the F31/A31 historical 
baseline blade set [17]. The forward blade row of the 
design consists of 12 blades with a diameter of 0.652 
m and a blade angle of 33.5°, while the aft rotor has 
10 blades with a diameter of 0.630 m and a blade 
angle of 35.7°. The Mach number of the flow was 
Ma=0.2, while the angle-of-attack of the flow with 
regard to the test rig was 0°. Further details of the test 
set-up and the test matrix can be found in [15-17]. 
An OptiNav Array 48 phased array system [18] 
was used to carry out the acoustic measurements. 
The signals from the 48 microphones were 
simultaneously recorded at a sampling rate of 96 kHz 
and then processed using FDBF beamforming 
technology [14] using the OptiNav Beamform 
Interactive software [18]. This processing method – 
as mentioned above – takes advantage of the time 
delays (or in other words phase differences) 
experienced between the various microphones in 
order to investigate possible source locations in 
given investigation points [14]. The cross-spectral 
matrices used during the processing of the data were 
created using a transform length of 4096, and 6 dB 
were subtracted from the results in order to account 
for the pressure doubling on the surface of the array. 
In order to remove the microphones from the 
flow, the array was installed in a cavity along the 
sidewall of the wind tunnel, and a Kevlar® sheet was 
tightly stretched over the opening of the cavity, 
leaving a gap between the fabric and the phased 
array. This technique has been developed and tested 
by others in [19] and [20], which demonstrated the 
ability of the technology to improve the signal-to-
noise ratio. The signal-to-noise ratio was further 
improved by using a long time series (45 s) and 
removing the diagonal of the CSM. During the 
measurements, the microphone array was located at 
a distance of 1.6 m from the centre plane of the test 
rig, the plane under investigation, which can be 
considered to be in the acoustic far-field according to 
simulation results of Horváth et al. [15, 16]. The 
measurement setup is shown on the bottom of Figure 
3, with the Kevlar® window being located on the 
right hand side of the test rig in the figure. 
 
Figure 3. The Array48 system and its installation 
in the wall of the wind tunnel [15] 
3. SPECTRAL RESULTS 
The influence of the pylon self-noise on the total 
noise level of an installed CROR was investigated 
with the help of the PSD spectra of the BFpeak 
values and the beamforming maps for various setups. 
The generated noise was investigated over a wide 
frequency range, from 500 Hz to 14 kHz, using 
narrowband frequency bins having a bandwidth of 
19.2 Hz. In order to isolate the self-noise of the 
pylon, two configurations had to be analysed. The 
blade sets are not mounted for either of the two test 
cases. The first configuration is that of the test rig 
with a pylon, while the second contains only the test 
rig, hence no blades or pylon. In order to minimize 
the effect of the noise of the other areas of the setup 
and the equipment on the beamforming results, the 
size of the investigation area was decreased. A 
Region of Interest (ROI) window was used as a 
spatial confinement of the investigated domain. The 
location of the ROI is shown in Figure 4.  
 
Figure 4. The Region of Interest window applied 
during the investigation 
In beamforming investigations, the background 
noise can be removed from the results by subtracting 
the CSM of a background noise measurement from 
that of the test case measurement under 
investigation. This method is normally applied in 
order to remove the noise of the wind tunnel and 
obtain only the “clean” signal of the investigated 
noise sources. In this case the test case containing 
only the test rig of the CROR can be considered as 
the background noise test case, and therefore the 
noise generation of the pylon can be examined by 
subtracting this CSM from the one pertaining to the 
configuration with the pylon. As stated above, the 
only difference between the two test cases is the 
presence of the pylon. The spectrum shown in Figure 
5 was created as a result of this subtraction. 
For the test case with a pylon, a whistle was 
mounted on the test rig in order to validate the 
beamforming maps. The frequency bins which were 
dominated by the sound of the whistle can be found 
in the range of 2.9…3.25 kHz, 6…6.15 kHz and 
9.2…9.3 kHz. This whistle was not mounted for the 
test case without the pylon. Taking into 
consideration that the tonal noise sources described 
above and seen in Fig. 5 are associated with the 
whistle, it can be stated that the pylon noise sources 
are broadband self-noise noise sources for the 
frequency range under investigation. 
 
Figure 5. The self-noise spectrum of a pylon (ROI 
and CSM subtraction applied) 
In Figure 6 the BFpeak PSD spectrum pertaining 
to the test rig with the pylon but no blades can be 
seen in one diagram with the spectrum of the test rig 
with blades and a pylon. In this comparison the ROI 
window was not applied, so that all the noise sources, 
including the blade rows would be included in the 
comparison. The peaks pertaining to the noise of the 
whistle can once again be seen in the spectra. This 
figure helps show that the installed CROR with the 
pylon but without rotating blades generates 
considerably less noise as compared to the 
configuration with the pylon and the blade sets. The 
amplitude difference is approximately 20 dB across 
the entire frequency range under consideration. In 
Figure 6 the results of the CSM subtraction of these 
two cases is also shown with a blue continuous line. 
This third spectrum in essence gives the noise of only 
the rotors. The difference between the spectrum of 
the test rig with rotating blades and this third 
spectrum (rotors only) is negligible. This can also be 
seen in Figure 7, where the difference between the 
two spectra is plotted. The biggest difference appears 
at low frequencies (below 1kHz), where the spectra 
of the installed pylon with rotating blades and the 
case of the CSM subtraction (rotors only) are almost 
the same (see Fig. 6). At higher frequencies, where 
the amplitude differences between the two spectra 
differ the most, the influence of the self-noise of the 
pylon is less than 1 dB (see Fig. 7). The small peaks 
in Fig. 7 belong to the whistle, which generates high 
peaks in the spectra of the case with blades as well as 
in the one without blades. 
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 Figure 6. Determination of the influence of the 
pylon self-noise on the noise of the installed 
CROR with a pylon and blades 
Considering the spectral results, it can be stated, 
that the self-noise generation of the pylon has hardly 
any effect on the noise of the installed CROR 
configuration and can be neglected during the 
investigation process of the noise of a CROR for zero 
angle-of-attack. 
 
Figure 7. The difference between the spectrum of 
the installed CROR with a pylon and blades and 
the spectrum of the CSM subtracted case (blades 
only) 
4. BEAMFORMING MAPS 
As mentioned above, beamforming maps make 
it possible to localize the noise sources for a chosen 
investigation plane. Besides examining the spectra of 
the generated noise for the different configurations, 
the locations of the dominant noise sources have to 
be determined in order to understand the noise 
generation mechanisms. 
In order to reduce the effect of other noise 
sources during the investigation of the self-noise of 
the pylon, the aforementioned ROI window was 
applied (see Figure 4), and hence the size of the 
investigated domain was decreased. Therefore, the 
dominant noise sources located outside of this ROI 
were not examined. The investigated beamforming 
maps belong to the pylon self-noise (pertaining to the 
spectrum of the CSM subtraction presented in Fig. 
5), in other words the noise of the pylon without the 
noise of the other components.  
 
Figure 8. Typical trailing edge noise source of the 
pylon 
 
Figure 9. Typical boundary layer noise source of 
the pylon 
According to Brooks et al., trailing edge noise 
sources are typical self-noise noise sources of airfoils 
[21]. In accordance with the literature, Figure 8 
shows a typical trailing edge noise source for the 
pylon under investigation. Other than sources 
localized to the trailing edge, other typical 
beamforming map results for the pylon under 
investigation present noise sources which can be 
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associated with the noise of the boundary layer of the 
pylon. The literature also discusses the boundary 
layer as a typical source of airfoil self-noise [21]. A 
typical example of boundary layer self-noise can be 
seen in Figure 9. 
To summarize the results of the investigation of 
the beamforming maps, the typical noise sources of 
the pylon under investigation were identified. 
However, as a result of the relatively low amplitude 
values, as well as the properties of the FDBF 
technology applied herein, the beamforming maps 
pertaining to frequency bins above 5 kHz could not 
be investigated in detail as they contain a large 
amount of sidelobes, which makes the examination 
of the maps rather difficult.  
5. CONCLUSION 
Counter-rotating open rotors can provide an 
energy efficient alternative to jet engines, but their 
noise emission has to be reduced before their 
widespread application. Therefore, their noise 
generation mechanisms have to be examined, 
understood, and eliminated. In this article the self-
noise of a pylon was investigated, which is a 
commonly used support structure for mounting 
aircraft engines. A CROR pylon has a potentially 
large effect on the noise generation of a CROR setup, 
since the interaction between the wake of the pylon 
and the rotating blades generates large tonal peaks in 
the spectrum. However, it is also important to 
determine the self-noise of the pylon itself, and hence 
a configuration comprised of the CROR test rig with 
a pylon and without blades was investigated. The 
setup was placed in the flow and phased array 
microphone measurements were carried out. Using 
beamforming technology, the dominant noise 
sources were localized for the investigated frequency 
bins. Considering the measurement results of the test 
rig without the pylon as the background noise 
measurement made it possible to investigate only the 
self-noise generation mechanisms of the pylon. 
According to the spectral results and the 
beamforming maps, the self-noise of the pylon does 
not play a significant role in the generated noise for 
the case of zero angle-of-attack, since the self-noise 
of the pylon results in much smaller amplitudes in 
the spectrum. Some typical noise sources of the 
pylon, which can appear at low frequencies, were 
determined to be trailing edge noise and boundary 
layer noise. Above 5 kHz, the self-noise of the pylon 
could not be separated from the sidelobes utilizing 
the current methods. Summing up the conclusions, 
the noise generation mechanisms of an installed 
CROR with a pylon can be investigated while 
neglecting the self-noise generation of the pylon for 
zero angle-of-attack. If investigating installed CROR 
with a pylon at angle-of-attack values other than 
zero, which is often the case during actual flight 
conditions, then the contribution of the pylon self-
noise needs to be evaluated, as it could be more 
significant than what was seen here. This can be done 
by applying the method presented herein for other 
test cases which have been measured at other angle-
of-attack settings. 
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